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ABSTRACT 
F i n d i n g s i n c o m p a c t i o n r e s e a r c h i n t h e S o i l s L a b o r a t o r y o f G e o r g i a 
I n s t i t u t e o f T e c h n o l o g y l e d t o t h e s u s p i c i o n t h a t a t e q u a l w a t e r c o n t e n t 
and e q u a l t o t a l work d i f f e r e n t c o m p a c t i o n methods d i d n o t p r o d u c e i d e n t i ­
c a l d e n s i t y and s t r e n g t h c h a r a c t e r i s t i c s i n compac ted s o i l s . 
F o r t h i s r e a s o n an i n v e s t i g a t i o n was u n d e r t a k e n w i t h a t w o f o l d 
p u r p o s e . The f i r s t was t o a s c e r t a i n w h i c h o f s e v e r a l d i f f e r e n t methods 
o f c o m p a c t i o n p r o d u c e d g r e a t e s t e f f i c i e n c y b y c o m p a r i s o n o f t h e d e n s i ­
t i e s and s t r e n g t h s o f s o i l s a m p l e s compac ted u s i n g t h e s e m e t h o d s . The 
s e c o n d was t o d e t e r m i n e t h e f a c t o r s i n f l u e n c i n g c o m p a c t i o n e f f i c i e n c y and 
t h e r e a s o n s f o r t h e i r i n f l u e n c e . 
F o r e a c h method a s e r i e s o f c o m p a c t i o n s w e r e p e r f o r m e d a t v a r i e d 
w a t e r c o n t e n t s b y an amount o f work w h i c h was h e l d c o n s t a n t f o r a l l com­
p a c t i o n s . A s p e c i a l d e v i c e c a l l e d a p u n c h i n g - s t a t i c compac to r was 
devised f o r use a s one method o f c o m p a c t i o n . T h i s d e v i c e was d e s i g n e d t o 
s i m u l a t e t h e a c t i o n o f a t amping r o l l e r more c l o s e l y t h a n do o r d i n a r y 
l a b o r a t o r y c o m p a c t i o n m e t h o d s . O the r methods t e s t e d w e r e dynamic and 
s t a t i c c o m p a c t i o n . The same s o i l , a s i l t y c l a y , was u s e d f o r a l l compac­
t i o n s . Compacted s a m p l e s w e r e t e s t e d f o r s t r e n g t h i n t r i a x i a l c o m p r e s ­
s i o n s The d a t a c o l l e c t e d i n d e n s i t y and s t r e n g t h t e s t s was u s e d t o com­
p a r e d e n s i t i e s and s t r e n g t h s p r o d u c e d b y t h e v a r i o u s methods a t l i k e 
q u a n t i t y o f work and e q u a l w a t e r c o n t e n t * 
T h e s e i n v e s t i g a t i o n s l e d t o t h e f o l l o w i n g c o n c l u s i o n s . Compac­
t i o n b y d i f f e r e n t methods a t l i k e amounts o f work and e q u a l w a t e r 
v i i 
c o n t e n t d o e s n o t n e c e s s a r i l y p r o d u c e e q u a l amounts o f c o m p a c t i o n a s e x ­
p r e s s e d by d r y d e n s i t y . Compac t ion b y d i f f e r e n t methods a t l i k e amounts 
o f work and e q u a l w a t e r c o n t e n t d o e s n o t n e c e s s a r i l y p r o d u c e e q u a l 
s t r e n g t h c h a r a c t e r i s t i c s i n t h e compac ted s o i l . Where t o t a l c o m p a c t ! v e 
e n e r g y , w a t e r c o n t e n t , l a y e r t h i c k n e s s , and w i d t h o f l o a d e d a r e a a r e h e l d 
c o n s t a n t , t h e d e n s i t y and s t r e n g t h o f a compac ted s o i l a r e f u n c t i o n s o f 
t h e amount o f e n e r g y a p p l i e d p e r e f f o r t . S t r e n g t h and d e n s i t y i n c r e a s e 
w i t h i n c r e a s e i n e n e r g y p e r b l o w or e n e r g y p e r e f f o r t . Methods w h i c h 
a p p l y a g r e a t e r p o r t i o n o f t h e t o t a l c o m p a c t i v e e n e r g y p e r e f f o r t a r e t h e 
most e f f i c i e n t . Compac t ion w h i c h a p p l i e s t h e t o t a l q u a n t i t y o f e n e r g y 
i n one e f f o r t wou ld b e t h e most e f f i c i e n t c o m p a c t i v e method f o r t h e s o i l 
t e s t e d . 
INTRODUCTION The problems undertaken in this thesis are those of (I) ascertain­ing which of several diferent methods of soil compaction give greatest eficiency by comparison of the densities and strengths of soil samples compacted using these methods and (II) determining the factors which influence this eficiency and the reasons for their influence. With the advent of the automobile near the turn of the century, atention was drawn to the road system of the United States. The de­velopment of heavier vehicles with higher speds made it abundantly clear that highways could no longer folow the natural topography, but that their curves and straightaways often would have to be routed through manmade cuts or over artificialy placed fils. Studies of ade­quate subgrade conditions were undertaken. Many of the tests devised for subgrade analysis were borowed from the agriculturist, and disat­isfaction -with these procedures is aparent in the literature of the period.(1) Particularly vexing were problems related to the control of arti­ficialy deposited materials. Manmade fil  was used not only in road work but also in the construction of earth dams, and fils losely deposited by dumping did not prove satisfactory. Their strength was low, their permeability high, and their setlement excesive. Experience showed, however, that materials which had ben densified or compacted after placement proved stronger, les  compresible, and les permeable than losely deposited materials. The ned for a knowledge of the 
compaction proces and the factors afecting it became aparent. In 1933 the results of extensive compaction research by the Bureau of Waterworks and Suply of Los Angeles were published in the Enginering News-Record by R. R. Proctor.(2) Mr. Proctor advanced not only a theory to explain the behavior of compacted soils but also a laboratory control method to determine the amount of compaction desirable and atainable. Since that time extensive compaction research has ben performed to determine, among other things, the principles of soil action during com­paction, new and beter methods of compaction, and laboratory test pro­cedures to aproximate more closely field compaction. The present status of our knowledge of compaction is sumarized in the next few para­graphs. Soil compaction is a proces in which soil particles are packed together more closely by forcing smaler particles to move into the spaces betwen larger ones. This packing increases the density of the soil and decreases its voids. Compaction is measured quantitatively in terms of the dry density which is the weight of the soil solids per cubic fot of moist soil. The increase in dry density of a soil caused by compaction depends pri­marily on two factors, (I) the moisture content of the soil and (II) the amount of compactive energy aplied. For each soil there exists a definite relation of soil moisture content to the amount of compaction atainable for a given compaction procedure. This relation is shown in Figure 1 on the folowing page. 
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MOI ST I ® E-DE?J SITY C URVE 
THE COMPACTION OF A SOIL IS OPPOSED BY A COMBINATION OF THE 
CAPILLARY TENSION OF WATER FILMS SURROUNDING THE SOIL PARTICLES AND THE 
VISCOSITY OF ADSORBED LAYERS OF WATER ATTACHED TO THE PARTICLES THEM­
SELVES. DRY SOILS HAVE HIGH RESISTANCE TO COMPACTION, BUT ADDITION OF 
WATER LESSENS THE EFFECT OF SURFACE TENSION AND ALLOWS THE SOIL PARTI­
CLES TO BUILD UP LARGER, LESS VISCOUS, ADSORBED LAYERS. THE NET EFFECT 
IS TO INCREASE WORKABILITY AND t o ALLOW THE a t t a i n m e n t OF g r e a t e r DENSI­
TIES WITH NO INCREASE IN COMPACTIVE EFFORT. THE LIMIT OF THIS BENEFI­
CIAL EFFECT IS REACHED WHEN WATER FILLS ALL BUT A SMALL PORTION OF THE 
SOIL VOIDS, AND INCREASED WORKABILITY CAN ONLY BE ACCOMPLISHED BY 
REPLACING SOME SOIL PARTICLES WITH WATER. A t THIS TIME THE DRY DENSITY 
OF THE SOIL-WATER MIXTURE BEGINS TO DECREASE. 
THEREFORE, FOR A GIVEN SOIL COMPACTED AT A GIVEN EFFORT, THERE 
EXISTS AN OPTIMUM MOISTURE CONTENT WHICH PERMITS ATTAINMENT OF MAXIMUM 
DENSITY. EQUAL DRY DENSITIES ARE FOUND AT TWO LOCATIONS ON THE 
MOISTURE-DRY DENSITY CURVE, ONE AT A WATER CONTENT LESS THAN THE 
optimum and one a t a w a t e r c o n t e n t g r e a t e r t h a n t h e opt imum. The 
s t r e n g t h o f a s o i l compac ted a t l e s s t h a n optimum m o i s t u r e w o u l d d e c r e a s e 
t o t h a t o f t h e s o i l w i t h i d e n t i c a l d r y d e n s i t y a t a w a t e r c o n t e n t g r e a t e r 
t h a n optimum s h o u l d t h e f i l l l a t e r become w a t e r s o a k e d . The maximum 
d e p e n d a b l e s t r e n g t h o c c u r s a t optimum m o i s t u r e c o n t e n t . 
F o r a l l t y p e s o f s o i l and f o r a l l c o m p a c t i o n methods t h e maximum 
d e n s i t y a t t a i n a b l e i n c r e a s e s and optimum m o i s t u r e c o n t e n t d e c r e a s e s w i t h 
i n c r e a s e i n c o m p a c t i v e e f f o r t * A t v e r y h i g h q u a n t i t i e s o f c o m p a c t i v e 
e f f o r t a l i m i t i n g d r y d e n s i t y i s r e a c h e d w h i c h c a n n o t b e e x c e e d e d . 
On ly a s m a l l p a r t o f t h e c o m p a c t i o n r e s e a r c h t o d a t e h a s b e e n 
s y s t e m a t i z e d and g r e a t dependence h a s b e e n p l a c e d on e m p i r i c a l f i n d i n g s . 
L i t t l e a t t e n t i o n h a s b e e n p a i d t o t h e c o m p a c t i o n p r o c e s s i t s e l f . The 
a s s u m p t i o n h a s b e e n made from P r o c t o r ' s o r i g i n a l p r e s e n t a t i o n t h a t f o r a 
g i v e n m o i s t u r e c o n t e n t and a g i v e n q u a n t i t y o f work on a s p e c i f i c s o i l , 
t h e d e n s i t y and o t h e r p r o p e r t i e s a t t a i n e d a r e a l m o s t i n d e p e n d e n t o f 
c o m p a c t i o n m e t h o d *(3) 
However , i n t h e graduate s o i l l a b o r a t o r y a t G e o r g i a I n s t i t u t e o f 
T e c h n o l o g y , s t u d e n t s n o t i c e d t h a t a c e r t a i n amount o f work p e r f o r m e d b y 
s t a t i c c o m p a c t i o n u s i n g a h y d r a u l i c j a c k p r o d u c e d g r e a t e r d e n s i t i e s a t 
l i k e w a t e r c o n t e n t s t h a n d i d g r e a t e r amounts o f work p e r f o r m e d b y 
dynamic c o m p a c t i o n w i t h a f a l l i n g w e i g h t . I t a p p e a r e d , t h e r e f o r e , t h a t 
a t l i k e q u a n t i t i e s o f work t h e d e n s i t i e s p r o d u c e d w o u l d d i f f e r * I n d i c a ­
t i o n s w e r e a l s o t h a t a t l i k e amounts o f w o r k d i f f e r e n t methods o f 
dynamic c o m p a c t i o n p r o d u c e d d i f f e r e n t d e n s i t i e s o f s o i l * F o r t h i s r e a ­
son i t was d e c i d e d t o i n v e s t i g a t e t h e r e l a t i v e e f f i c i e n c i e s o f v a r i o u s 
c o m p a c t i o n methods a s e x p r e s s e d b y t h e d i f f e r e n c e s i n d e n s i t y and 
s t r e n g t h w h i c h t h e y p r o d u c e d a t l i k e q u a n t i t i e s o f expended e n e r g y and 
e q u a l w a t e r c o n t e n t s . I t was hoped t h a t t h e i n v e s t i g a t i o n w o u l d p r o d u c e 
a k n o w l e d g e o f t h e f a c t o r s g o v e r n i n g t h e e f f e c t i v e n e s s o f s o i l compac­
t i o n p r o c e s s e s , t h u s a l l o w i n g a more i n t e l l i g e n t a p p r o a c h t o t h e d e s i g n 
o f c o m p a c t i o n equ ipment and c o m p a c t i o n methods t h a n e m p i r i c a l k n o w l e d g e 
p e r m i t s . 
A r e v i e w o f the l i t e r a t u r e a v a i l a b l e c o n c e r n i n g c o m p a c t i o n was 
u n d e r t a k e n . A H p e r t i n e n t r e f e r e n c e s c o n t a i n e d i n t h e I n d u s t r i a l A r t s 
I n d e x and E n g i n e e r i n g I n d e x from 1925 t o d a t e w e r e i n v e s t i g a t e d . Of 
t h e s e , s e v e r a l p r o v e d i n f o r m a t i v e a b o u t g e n e r a l a s p e c t s o f c o m p a c t i o n , 
p a r t i c u l a r l y f rom t h e h i s t o r i c a l s t a n d p o i n t . However o n l y two r e f e r e n c e s 
p r e s e n t e d i n f o r m a t i o n o f t h e t y p e s o u g h t . 
The f i r s t o f t h e s e was S o i l M e c h a n i c s f o r Road E n g i n e e r s p r o d u c e d 
b y t h e Depar tmen t o f S c i e n t i f i c and I n d u s t r i a l R e s e a r c h Road R e s e a r c h 
L a b o r a t o r y o f t h e B r i t i s h Governmen t . On p a g e s 166-8 t h e a u t h o r s p r e ­
s e n t a c o m p a r i s o n o f m o i s t u r e c o n t e n t - d r y d e n s i t y c u r v e s p r o d u c e d b y 
d i f f e r e n t c o m p a c t i o n m e t h o d s . They c o n c l u d e t h a t d i f f e r e n t dynamic 
methods p r o d u c e e q u a l d r y d e n s i t i e s a t e q u a l w a t e r c o n t e n t s and e q u a l 
t o t a l work i f t h e work p e r b l o w i s t h e same* I t i s w e l l t o n o t e t h a t no 
a t t e m p t w a s made t o i n v e s t i g a t e t h e s i m i l a r i t y o f m o i s t u r e - d e n s i t y r e l a ­
t i o n s p r o d u c e d f o r t h e same t o t a l q u a n t i t y o f work b y methods d i f f e r i n g 
i n e n e r g y a p p l i e d p e r b l o w . 
The s e c o n d r e f e r e n c e w h i c h p r o v e d o f v a l u e i s a s e r i e s o f r e p o r t s 
on s o i l c o m p a c t i o n s t u d i e s c o n d u c t e d b y t h e Corps o f E n g i n e e r s , U n i t e d 
S t a t e s Army, f rom 191*9 t o 195>0. The w h o l e s e r i e s o f r e p o r t s g i v e s v a l u a ­
b l e g e n e r a l d a t a c o n c e r n i n g t h e c o m p a r i s o n o f f i e l d and l a b o r a t o r y 
c o m p a c t i o n p r o c e d u r e s . Of s p e c i a l i n t e r e s t i s t h e f o u r t h r e p o r t o f t h e 
s e r i e s w h i c h d e s c r i b e s t h e e f f e c t i v e n e s s o f v e r y h e a v y c o m p a c t i o n d e v i c e s 
i n p r o d u c i n g good c o m p a c t i o n i n f ew t r i p s o v e r t h e a r e a t o b e c o m p a c t e d . 
EQUIPMENT 
THE MAJOR ITEMS OF EQUIPMENT USED IN THE COMPLETION OF THE EXPERI* 
MENTAL PROGRAM OUTLINED IN THIS REPORT ARE LISTED BELOW. THESE INCLUDE: 
I . COMPACTION DEVICES 
A. DYNAMIC COMPACTION DEVICES. (SEE FIGURE 2 ) 
1. FIVE AND ONE-HALF POUND HAMMER WITH A TWELVE INCH FREE 
FALL. 
2 . TEN POUND HAMMER WITH AN EIGHTEEN INCH FREE FALL. 
3 . MODIFICATION DEVICES FOR THE TEN POUND HAMMER TO CON­
VERT IT TO A TWENTY-FIVE POUND HAMMER AND ADJUSTMENTS 
FOR A TWELVE, A SEVEN AND TWO-TENTHS, AND A THREE 
INCH FREE FALL. 
B. STATIC COMPACTION DEVICE - A HYDRAULIC JACK OF FORTY THOU­
SAND POUND CAPACITY EQUIPPED TO EXERT ITS COMPACTIVE EF­
FORT THROUGH A PISTON OF FOUR INCH DIAMETER. 
C. PUNCHING-STATIC DEVICE - A DEVICE EXERTING ITS COMPACTIVE 
EFFORT THROUGH A CIRCULAR PISTON OF ONE SQUARE INCH END 
AREA. THE NECESSARY FORCE IS SUPPLIED BY A LEVER ARM TO 
WHICH IS ATTACHED A PENCIL WHICH RECORDS THE TRAVEL OF THE 
LEVER ARM DURING COMPACTION OPERATIONS. (SEE FIGURE 3 ) 
I I . COMPACTION MOLD - THIS MOLD IS A STEEL CYLINDER OF FOUR INCH INSIDE 
DIAMETER AND FOUR AND SIX-TENTH INCH HEIGHT. IT IS EQUIPPED WITH A 
BASE AND A COLLAR WHICH HOLDS LOOSE SOIL TO BE COMPACTED. 
I I I . T r i a x i a l s h e a r equ ipment (See F i g u r e k) 
A . A l o a d i n g machine 
B« A chamber i n w h i c h t e s t s p e c i m e n s c a n be s u b j e c t e d t o c o n ­
f i n i n g a i r p r e s s u r e s d u r i n g t e s t i n g o p e r a t i o n s . 
One ma jo r i t e m u s e d i n t h i s s t u d y i s t h e s o i l i t s e l f . The s o i l u s ­
ed t h r o u g h o u t t h e t e s t s o u t l i n e d i n t h i s r e p o r t was a h a r d , m o d e r a t e l y 
c o m p r e s s i b l e , o r a n g e , l o w p l a s t i c i t y , s a n d y , s i l t y c l a y . I t was o b t a i n e d 
f rom a p i t b e h i n d t h e S c h o o l o f C i v i l E n g i n e e r i n g a t G e o r g i a I n s t i t u t e o f 
T e c h n o l o g y , The s p e c i f i c p h y s i c a l p r o p e r t i e s o f t h e s o i l a r e l i s t e d 
b e l o w . 
S p e c i f i c G r a v i t y o f S o l i d s 2.72 
L i q u i d L i m i t 39*9 
P l a s t i c I d _ i t 2lu5 
P l a s t i c i t y I n d e x 15.k 
G r a i n S i z e D i s t r i b u t i o n ( S e e A p p e n d i x ) 
R e v i s e d P u b l i c Roads C l a s s i f i c a t i o n A-6 
A i r f i e l d C l a s s i f i c a t i o n S y s t e m CL 
(An i n o r g a n i c c l a y o f l o w 
p l a s t i c i t y ) 
DYNAMIC COMPACTION DEVICES 
LEFT TO EIGHT, TBI POUND HAMMER, FIVE AND ONE-HALF POUND HAM­
MER, COMPACTION MOLD, AND TWISTY-FIVE POUND MODIFICATION FOR 





The t e s t s o i l was b r o u g h t i n d o o r s , p l a c e d i n l a r g e f l a t p a n s , and 
a l l o w e d t o a i r d r y . The l a r g e lumps w e r e b r o k e n up and t h e s o i l w a s 
s c r e e n e d t h r o u g h a s i e v e w i t h s q u a r e 0,185 i n c h o p e n i n g s . The m a t e r i a l 
r e t a i n e d on t h e s c r e e n w a s d i s c a r d e d w h i l e t h a t p a s s i n g t h e s c r e e n was 
t h o r o u g h l y mixed t o i n s u r e u n i f o r m i t y and p l a c e d i n c o v e r e d c o n t a i n e r s . 
S t a n d a r d c l a s s i f i c a t i o n t e s t s w e r e p e r f o r m e d on t h e s o i l . These 
i n c l u d e d a s p e c i f i c g r a v i t y t e s t t o d e t e r m i n e t h e s p e c i f i c g r a v i t y o f 
s o i l solids,(h) a g r a i n s i z e a n a l y s i s t o d e t e r m i n e t h e g r a i n s i z e d i s t r i ­
b u t i o n o f t h e soil,(5) and t h e d e t e r m i n a t i o n s o f l i q u i d and p l a s t i c 
l i m i t s t o i n d i c a t e t h e e f f e c t o f w a t e r c o n t e n t on t h e soil-(6) 
The w a t e r c o n t e n t o f t h e t e s t s o i l i n t h e c l o s e d c o n t a i n e r s was 
d e t e r m i n e d d a i l y . S o i l s a m p l e s o f d e s i r e d m o i s t u r e c o n t e n t w e r e p r e ­
p a r e d b y a d d i n g t h e p r o p e r amounts o f w a t e r t o p o r t i o n s o f s o i l removed 
from t h e s t o r a g e c o n t a i n e r s , m i x i n g t h e w a t e r i n t h o r o u g h l y , and e n ­
c l o s i n g t h e m o i s t s o i l t h u s p r e p a r e d i n w a t e r t i g h t c o n t a i n e r s o v e r n i g h t 
t o a l l o w t h e w a t e r t o become c o m p l e t e l y d i s t r i b u t e d and a d s o r b e d b y t h e 
s o i l . 
Though t h e v a r i o u s methods o f c o m p a c t i o n a p p l i e d d i f f e r e n t 
amounts o f c o m p a c t i v e e n e r g y p e r e f f o r t , t h e t o t a l amount o f work done 
was h e l d c o n s t a n t f o r a l l c o m p a c t i o n s . T h i s f i x e d q u a n t i t y o f t o t a l work 
was 3,750 f o o t - p o u n d s p e r c u b i c f o o t and i s t h e same a s t h e e n e r g y e x ­
pended i n t h e t h r e e l a y e r , m o d i f i e d P r o c t o r c o m p a c t i o n t e s t . T h i s q u a n t i ­
t y o f work c o r r e s p o n d s t o f i e l d c o m p a c t i o n w i t h h e a v y e q u i p m e n t . 
The p r o c e d u r e i n o b t a i n i n g c o m p a c t i o n by dynamic methods w i l l be 
d e s c r i b e d f i r s t . The dynamic p r o c e d u r e s a l l c o n s i s t e d o f c o m p a c t i n g s o i l 
i n t h e mold b y means o f a f r e e f a l l i n g w e i g h t s t r i k i n g t h e s o i l s u r f a c e . 
The p r o c e d u r e t y p i c a l t o c o m p a c t i o n b y one o f t h e s e dynamic methods w i l l 
b e d e s c r i b e d . 
S i x f i v e - p o u n d s a m p l e s o f t h e t e s t s o i l w e r e w e i g h e d o u t and t h e 
p r o p e r amounts o f w a t e r w e r e added t o r a i s e t h e i r w a t e r c o n t e n t s t o t e n , 
t h i r t e e n , s i x t e e n , e i g h t e e n , t w e n t y - o n e and t w e n t y - f o u r p e r c e n t s r e ­
s p e c t i v e l y . The w a t e r was t h o r o u g h l y mixed i n and t h e s a m p l e s w e r e 
s t o r e d o v e r n i g h t In w a t e r - t i g h t c o n t a i n e r s a s p r e v i o u s l y m e n t i o n e d . 
I n c o m p a c t i o n o p e r a t i o n s t h e can c o n t a i n i n g t h e s o i l was opened 
and t h e mold was h a l f f i l l e d . The s o i l s u r f a c e was l e v e l e d w i t h l i g h t 
hand p r e s s u r e . Compac t ion o f t he l a y e r was now p e r f o r m e d b y t h e p r o p e r 
number o f hammer b l o w s e v e n l y d i s t r i b u t e d o v e r t h e s o i l s u r f a c e . The 
compac ted s u r f a c e was t h e n s c a r i f i e d t o i n s u r e b o n d i n g o f s u b s e q u e n t 
l a y e r s . S e c o n d and t h i r d l a y e r s o f s o i l w e r e compac ted i n t o t h e mold i n 
l i k e laanner . C a r e was t a k e n t h a t t h e mold was c o m p l e t e l y f i l l e d . The 
s o i l s u r f a c e w a s t h e n p l a n e d o f f e v e n w i t h t h e t o p o f t he m o l d . The 
w e i g h t o f t h e s o i l i n t h e mold was now d e t e r i n i n e d . T h i s s o i l w e i g h t d i ­
v i d e d b y t h e mold volume ( o n e - t h i r t i e t h o f a c u b i c f o o t ) g a v e t h e w e t 
d e n s i t y o f t h e s o i l . 
Now t h e compac ted sample was c a r e f u l l y removed f rom t h e mold and 
a s m a l l r e p r e s e n t a t i v e p o r t i o n c u t f rom i t f o r m o i s t u r e c o n t e n t d e t e r -
i n i n a t i o n . The b a l a n c e o f t h e sample was c o a t e d w i t h p a r a f f i n , l a b e l e d , 
and p u t away f o r l a t e r u s e . Knowing t h e w a t e r c o n t e n t and the w e t 
d e n s i t y , t h e d r y d e n s i t y o f t h e sample c o u l d b e computed . The work 
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done on each dynamically compacted sample is the product of blows per l a y ­
e r , height of f a l l , weight of hammer, and number o f l a ye r s . 
I n the stat ic compaction each sample was prepared by means o f the 
pressure of a p is ton forced against the s o i l by a hydraulic jack. The 
pressure was applied once to each l a y e r . During the process the maximum 
compaction load was applied i n increments and fo r each increment the 
t rave l of the p is ton recorded. A curve of pressure versus displacement 
was p lot ted f o r each of the three layers of a single compaction and the 
areas under these curves, which represent work, were integrated to give 
the t o ta l work done on a sample. 
Because the quanti ty of work performed could not be contro l led by 
regulat ing the number of hammer blows as i n dynamic compaction, three 
compactions at each water content were performed at d i f fe rent marj mum 
pressures and in terpo la t ion based on the proper amount of work (33750 
foot-pounds per cubic foo t ) was used to determine the dens i ty . 
The use of three compactions at l i ke water content entai led the 
mixing of s i x f i f teen-pound s o i l samples, one at each of the fol lowing 
percentages by weight o f water; t en , th i r teen , s ix teen, eighteen, 
twenty-one, and twenty-four. However because of the d is to r t ion o f the 
loading machine frame at hydraul ic jack loads in excess o f 20,000 
pounds, i t was impossible to perform compactions o f the s o i l samples at 
twenty-one and twenty-four per cent moisture. 
The deta i ls of mold f i l l i n g , scar i f y ing , weighing, water content 
determination, pa ra f f i n coating, and dry densi ty computation were the 
same as those fo r the dynamic compactions prev ious ly described. 
I n compactions performed by the punching-static method the com-
pacting energy was furnished by means of a piston of one square inch end 
area •which started from rest at the soil surface, then, actuated by a 
falling weight attached to the loading lever, performed the compactive 
work. In order that the piston would not travel entirely through the thin 
soil layers in the mold furnishing little compaction, a precompaction 
pressure of 19.9 pounds per square inch was applied to the soil surface 
by means of a four inch diameter piston affixed to the end of the small 
loading piston. After precompaction, the main compactive work was per­
formed by a certain number of strokes of the small loading piston distri­
buted evenly over the soil surface. The travel of the loading piston 
during both precompaction and compaction operations was recorded by a 
pencil attached to the loading lever arm. The total work performed in 
each compaction was computed as the product of the number of layers 
(three) the total travel of the loading piston and the force applied by 
the loading piston. 
Because the travel of the loading piston could not be exactly con­
trolled, three samples at the same water content had to be prepared for 
punching static tests just as for static compactions. Interpolation for 
density attained at a compactive effort of 337^0 foot-pounds per cubic 
foot was also performed as for the static compaction. Other details of 
compaction procedure were identical with those mentioned for the two 
previous types of compaction. 
Also desired for purposes of this investigation was a knowledge of 
the compacted soil properties as determined by testing of samples in 
triaxial shear. The triaxial testing of one compaction sample will be 
described in the following paragraphs. 
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The para f f in coating was removed and from the sample were carved 
three cy l i nd r i ca l t r i a x i a l tes t specimens approximately three and one ha l f 
centimeters i n diameter and seven centimeters long. The t r i a x i a l speci ­
mens were f i t t ed with caps through which load could be applied by the 
loading machine and encased i n a i r t ight rubber membranes. They were sub­
jected to confining pressures of zero pounds per square foot f o r one 
specimen, f i f t een hundred pounds per square foot fo r the second specimen, 
and four thousand pounds per square foot for the t h i rd specimen. Then 
they were loaded to destruct ion. Fai lure was assumed to have occurred 
when test specimens e i ther sheared suddenly or underwent a s t ra in o f 
f i f t een per cent. 
From fa i l u re loads and average area of test specimen the fa i l u re 
stress of each specimen was computed. By the use of the f a i l u r e s t ress­
es o f the three specimens from each s o i l sample, Mohr's c i rc les were 
constructed and the apparent cohesion and angle o f in terna l f r i c t i o n of 
each s o i l sample were determined.(7) I n th is d iscussion, apparent 
cohesion w i l l be understood to mean the intercept of the Mohr envelope 
wi th the ve r t i ca l ax i s . Also the angle of in terna l F r i c t ion i s the 
angle between the Mohr envelope and the hor i zon ta l . Determination of 
both of these quanti t ies i s based on the assumption of a s t ra ight l i ne 
Mohr envelope. 
Pig* 5 
MCISTLRB-DENSITY CIRVIS FOR ALL CC FACTIONS P^PFORyED 
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DISCUSSION OF RESULTS 
A n a l y s i s o f t h e d a t a c o l l e c t e d from t h e c o m p a c t i o n and t r i a x i a l 
s h e a r t e s t i n g o f s a m p l e s b e g a n w i t h t h e p l o t t i n g o f c o n v e n t i o n a l 
m o i s t u r e - d r y d e n s i t y r e l a t i o n s f o r t he v a r i o u s c o m p a c t i o n methods* These 
i n d i v i d u a l r e l a t i o n s showed l i t t l e d i f f e r e n c e from o r d i n a r y r e l a t i o n s o f 
t h e m o i s t u r e - d r y d e n s i t y t y p e . On t h e s e p l o t s w e r e s u p e r i m p o s e d c o n t o u r s 
o f a p p a r e n t c o h e s i o n , u n c o n f i n e d c o m p r e s s i v e s t r e n g t h , and a n g l e o f 
i n t e r n a l f r i c t i o n . B o t h r e l a t i o n s and s u p e r i m p o s e d c o n t o u r s a r e shown 
i n d e t a i l i n t h e a p p e n d i x . The c o n c l u s i o n s r e a c h e d i n t h i s r e p o r t h a v e 
come from c o m p a r i s o n s o f t h e r e l a t i o n s and c o n t o u r s r e s u l t i n g f rom 
v a r i o u s c o m p a c t i o n m e t h o d s . 
I n s p e c t i o n o f F i g u r e £ p r o v i d e s s e v e r a l g e n e r a l o b s e r v a t i o n s . 
F i r s t i t w i l l be n o t i c e d t h a t c o m p a c t i o n b y d i f f e r e n t methods a t l i k e 
amounts o f work and e q u a l w a t e r c o n t e n t b e l o w optimum do n o t n e c e s s a r i l y 
p r o d u c e e q u a l amounts o f c o m p a c t i o n e x p r e s s e d i n d r y d e n s i t y . S t a t i c 
c o m p a c t i o n p r o v i d e s g r e a t e r c o m p a c t i o n a t e q u a l amounts o f work t h a n 
d o e s e i t h e r t h e o ^ a m i c or t h e p u n c h i n g - s t a t i c method p r e v i o u s l y d e s c r i b ­
e d . F u r t h e r , c o m p a c t i o n by t h e t e n pound hammer f a l l i n g e i g h t e e n i n c h e s 
g i v e s b e t t e r r e s u l t s t h a n any o t h e r dynamic c o m p a c t i o n d e v i c e t e s t e d . 
A t w a t e r c o n t e n t s i n e x c e s s o f t h e optimum, d e n s i t i e s p r o d u c e d by 
v a r i o u s methods do n o t d i f f e r a p p r e c i a b l y . 
From t h e c o m p a r i s o n o f m o i s t u r e - d r y d e n s i t y c u r v e s f o r l i k e q u a n ­
t i t i e s o f work b y d i f f e r e n t methods i t i s o b v i o u s t h a t t h e d e n s i t i e s 
p r o d u c e d a t l i k e w a t e r c o n t e n t s a r e n o t i d e n t i c a l . The f a c t o r s i n f l u -
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e n c i n g c o m p a c t i o n s h o u l d t h e r e f o r e b e i n v e s t i g a t e d t o d i s c o v e r an e x p l a ­
n a t i o n f o r t h e d i f f e r e n c e . F u r t h e r m o r e , c o m p a r i s o n s o f a p p a r e n t c o h e ­
s i o n , a n g l e o f i n t e r n a l f r i c t i o n , and u n c o n f i n e d c o m p r e s s i v e s t r e n g t h 
p o s s e s s e d b y s ample s compac ted b y d i f f e r e n t methods a l s o show marked d i f ­
f e r e n c e s . 
The p r i m a r y v a r i a b l e i n f l u e n c i n g c o m p a c t i o n c h a r a c t e r i s t i c s i s t h e 
s o i l u s e d . E a c h s o i l a c q u i r e s d i f f e r e n t s t r e n g t h and d e n s i t y p r o p e r t i e s 
f rom c o m p a c t i o n . To e l i m i n a t e t h i s l a r g e s t v a r i a b l e , t h e same t y p e o f 
s o i l was u s e d t h r o u g h o u t a l l o f t h e t e s t s r e p o r t e d i n t h i s i n v e s t i g a t i o n . 
O the r v a r i a b l e s w h i c h a f f e c t t h e s o i l i t s e l f and w h i c h must b e c o n s i d e r e d 
a r e w a t e r c o n t e n t , t o t a l q u a n t i t y o f w o r k , amount o f work p e r a p p l i c a ­
t i o n , w e i g h t o f c o m p a c t i n g p a r t s , v e l o c i t y o f i m p a c t , d i a m e t e r o f l o a d e d 
a r e a , d e p t h o f s o i l b e i n g c o m p a c t e d , and c o n f i n i n g e f f e c t s o f t h e com­
p a c t i o n m o l d . 
I n any i n v e s t i g a t i o n o f t h e q u a n t i t i e s i n f l u e n c i n g c o m p a c t i o n , 
w a t e r c o n t e n t i s c e r t a i n l y an i m p o r t a n t c o n s i d e r a t i o n . S t u d i e s b y 
P r o c t o r and s u b s e q u e n t i n v e s t i g a t o r s h a v e shown t h e d e f i n i t e r e l a t i o n 
b e t w e e n w a t e r c o n t e n t and d e n s i t y . However , s i n c e s a m p l e s p r e p a r e d i n 
t h i s i n v e s t i g a t i o n we re mixed and s t o r e d i d e n t i c a l l y and w e r e compared a t 
l i k e w a t e r c o n t e n t s , t h e v a r i a b l e o f w a t e r c o n t e n t was d e f i n i t e l y c o n ­
t r o l l e d d u r i n g r e s e a r c h o p e r a t i o n s . 
A s m e n t i o n e d e a r l i e r i n t h i s t h e s i s , t o t a l q u a n t i t y o f work c e r ­
t a i n l y a f f e c t s t h e d e g r e e o f c o m p a c t i o n o f a s o i l , f o r d e n s i t y and 
s t r e n g t h i n c r e a s e w i t h t o t a l c o m p a c t i v e e f f o r t . I n t h i s s t u d y , t h e 
e f f e c t s o f d i f f e r i n g q u a n t i t i e s o f c o m p a c t i v e e f f o r t w e r e e l i m i n a t e d b y 
compar ing a l l c o m p a c t i o n s a t e q u a l amount o f t o t a l w o r k . 
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A third influencing agent worthy of attention is the amount of work 
per application. For dynamic compaction this quantity can readily be ex­
pressed as work in foot-pounds per blow. Because of the fiscous nature 
of the water layers adsorbed on soil particles, the amount of compactive 
energy per effort might well affect the amount of energy lost as heat. 
Further, when one considers soil particles to be held together by the 
surface tension of intergranular water, it is reasonable to assume that 
differences in efficiency of compaction would occur depending on whether 
the process of compaction were accomplished by a few large distortions 
of structure or many small ones. 
Hammer weight is a quantity which might be called a contributing 
factor in that its effect is noticed in expressions of momentum and 
amount of work per application. The mere presence of five and one-half, 
ten, or twenty-five pound weights on the soil surface may produce very 
little compaction. One effect of weight worth considering, however, is 
pressure. The concentration of load per unit area definitely affects 
compaction. This can readily be observed from the high densities of 
statically compacted samples. 
The effect of velocity of impact may be considered in two ways. 
It first combines with hammer mass to determine the momentum delivered 
by the dynamic methods. The momentum transfer involved in these methods 
might well introduce losses which would lower their efficiencies. The 
zero velocity of impact of static and punching static methods gives them 
momentum values of zero. Secondly, -the impact velocity of the dynamic 
methods once again combines with hammer mass to determine the kinetic 
energy delivered to the soil to be compacted and definitely affects the 
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amount o f energy per blow they are capable of de l i ve r ing . 
Diameter of p is ton or of loaded area is a factor whose ef fect on 
degree o f compaction and strength character ist ics of a s o i l must not be 
overlooked. I n cohesionless s o i l s , which are more or less represented by 
so i l s at moisture contents less than optimum, the bearing capacity var ies 
as the width of the loaded a r e a . ( 8 ) This means that so i ls confined under 
areas could withstand higher compacting pressures without shearing and 
consequent loss of ef f ic iency than could so i ls compacted under narrow 
ones. Diameter also has importance because i t inf luences the pressure at 
any point i n the s o i l mass, which according to Boussinsesq, i s propor­
t i ona l to diameter o f the loaded area d iv ided by the square of the depth 
to the po in t . 
Depth of the compacted s o i l layer must also be considered i n com­
paction invest igat ions. The nearness of the r i g i d mold bottom or o f 
prev ious ly compacted layers affects both the magnitude and the d i s t r i b u ­
t i on of the compactive pressure caused by e f fo r t appl ied at the surface. 
Layer thickness fur ther enters compaction considerat ions, f o r i t l im i ts 
to the bottom of the compacted layer the Z depth expressed by the 
Boussinesq expression diameter / Z 2 . To eliminate any possible ef fects of 
depth dif ferences the depths of a l l s o i l layers i n th is invest igat ion 
were made equal , 
A H previous factors mentioned might wel l have been encountered 
under f i e l d condi t ions, A f i n a l fac tor pecul iar to laboratory procedure 
must be mentioned. This is the confining effect of the mold. This 
ef fect produces two opposing r e s u l t s . The f i r s t of these i s that i t 
hampers natural displacement of s o i l under loads and permits the creat ion 
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o f s t r e s s e s i n t h e s o i l w h i c h o t h e r w i s e c o u l d n o t be a t t a i n e d . S e c o n d l y , 
s o i l t e n d s t o a r c h a c r o s s t h e mold f u r n i s h i n g s t r e n g t h w h i c h o p p o s e s 
c o m p a c t i o n . T h e s e e f f e c t s o f c o n f i n e m e n t w o u l d n o t b e s o p r o n o u n c e d i n 
dynamic and p u n c h i n g - s t a t i c methods i n w h i c h t h e c o m p a c t i n g p i s t o n was 
b u t a f r a c t i o n o f t h e mold a r e a a s i n t h e s t a t i c method i n w h i c h mold 
and p i s t o n a r e a s w e r e e q u a l . T h i s o b s e r v a t i o n i n d i c a t e s t h a t e f f i c i e n ­
c i e s a t t a i n e d i n s t a t i c c o m p a c t i o n may d i f f e r from t h o s e a t t a i n e d b y 
f i e l d c o m p a c t i o n . 
I n d e t e r m i n i n g w h i c h o f t h e a f o r e m e n t i o n e d v a r i a b l e f a c t o r s may 
h a v e p r o d u c e d t h e o b s e r v e d d i f f e r e n c e s i n c o m p a c t i o n and s t r e n g t h , i t 
was d e s i r a b l e t o c o n s i d e r a s many a s p o s s i b l e o f t h e s e v a r i a b l e s 
s i m u l t a n e o u s l y . I t s h o u l d b e n o t e d h e r e t h a t t hough s t r e n g t h and d e n ­
s i t y v a r i e d i n much t h e same manner t h r o u g h o u t t h e t e s t s , enough d i f ­
f e r e n c e i n t h e i r v a l u e s i s a p p a r e n t f rom a s t u d y o f t he r e l a t i o n s p r e ­
s e n t e d t o p r e c l u d e t h e i d e a t h a t s t r e n g t h i s a s o l e f u n c t i o n o f 
d e n s i t y . R a t h e r t h e y must b e c o n s i d e r e d a s two c o i n c i d e n t e f f e c t s 
r e s u l t i n g from c o m p a c t i o n . H . C . P o r t e r i n t h e E n g i n e e r i n g News-Record 
h a s s a i d , ^ D e n s i t y o f a c o n s o l i d a t e d c l a y s o i l a s u s u a l l y measured i n 
pounds p e r c u b i c f o o t i s n o t a l w a y s a c r i t e r i o n o f i t s c o m p r e s s i v e 
s t r e n g t h . T T ( 9 ) 
The f i r s t r e l a t i o n s d e v i s e d w e r e d r y d e n s i t y v e r s u s i m p a c t 
v e l o c i t y and s t r e n g t h v e r s u s i m p a c t v e l o c i t y w i t h c o m p a r i s o n s o f t h e 
v a r i o u s methods a t e q u a l w a t e r c o n t e n t s . ( S e e A p p e n d i x ) . I n t h e s e 
c o m p a r i s o n s , h o w e v e r , no a l l o w a n c e i s made f o r w e i g h t e f f e c t s , and a s 
w o u l d b e e x p e c t e d no d e f i n i t e r e l a t i o n b e t w e e n d r y d e n s i t y and i m p a c t 
v e l o c i t y o r b e t w e e n s t r e n g t h and i m p a c t v e l o c i t y c o u l d be d i s c o v e r e d . 
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MOMENTUM TAKES INTO ACCOUNT BOTH IMPACT VELOCITY AND WEIGHT (MORE 
PROPERLY, MASS) OF THE COMPACTING HAMMER. THEREFORE MOMENTUM-DENSITY AND 
MOMENTUM-STRENGTH RELATIONSHIPS AT LIKE WATER CONTENTS WERE SOUGHT. A 
COMPUTATION OF MOMENTUM FOR STATIC AND PUNCHING-STATIC COMPACTIONS GIVES 
A VALUE OF ZERO AND LEADS TO THE RATHER UNJUSTIFIED CONCLUSION THAT A 
VERY SMALL MASS APPLIED TO THE SOIL AT ZERO VELOCITY WOULD PRODUCE THE 
SAME COMPACTION AS A VERY LARGE MASS APPLIED TO THE SURFACE. THOUGH 
MOMENTUM-DENSITY AND MOMENTUM-STRENGTH RELATIONSHIPS OBVIOUSLY DO NOT 
EXIST FOR STATIC AND PUNCHING-STATIC COMPACTION METHODS IT WAS STILL 
HOPED THAT SUCH A RELATIONSHIP MIGHT BE FOUND FOR THE VARIOUS DYNAMIC 
COMPACTION METHODS. THIS RELATIONSHIP LIKEWISE PROVED NONEXISTENT. (SEE 
APPENDIX) 
NEXT, A RELATIONSHIP BETWEEN ENERGY PER BLOW (ENERGY PER EFFORT) 
AND DENSITY, OR ENERGY PER BLOW AND STRENGTH WAS SOUGHT. ALL COMPAC­
TION METHODS COULD BE CONSIDERED IN THIS STUDY, FOR IN EACH METHOD SOME 
EFFORT EXISTED WHICH COULD BE CONSIDERED AS ONE BLOW. COMPARISON OF 
BOTH STRENGTH VERSUS ENERGY PER BLOW AND DENSITY VERSUS ENERGY PER BLOW 
AT LIKE WATER CONTENTS SHOWED A DEFINITE TREND TOWARD INCREASING DENSI­
TIES AND STRENGTHS WITH INCREASED ENERGY PER APPLICATION. THESE TRENDS 
AS INDICATED BY ENERGY PER BLOW-STRENGTH RELATIONSHIPS WERE MUCH MORE 
PRONOUNCED AND DEFINITE THAN THE TREND INDICATED IN ENERGY PER BLOW-
DENSITY RELATIONSHIPS. HOWEVER THE DENSITIES AND STRENGTHS PRODUCED BY 
THE PUNCHING-STATIC METHOD DID NOT SEEM TO FIT THIS TREND. ONE IM­
PORTANT DIFFERENCE BETWEEN THE DYNAMIC METHOD EMPLOYED AND THE PUNCHING-
STATIC METHOD WAS THE DIFFERENCE IN SIZE OF COMPACTION PISTONS. (THE 
PUNCHING-STATIC PISTON WAS 1.128 INCHES IN DIAMETER AS COMPARED TO THE 
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two i n c h d i a m e t e r d ^ a m i c hammer f a c e * ) T h i s c o n s i d e r a t i o n had n o t e n t e r ­
ed p r e v i o u s r e l a t i o n s w h i c h e i t h e r d i d n o t a p p l y t o s t a t i c and p u n c h i n g -
s t a t i c c o m p a c t i o n o r w e r e i n v a l i d a t e d b y l a c k o f a n y c o r r e l a t i o n e v e n 
among t h e dynamic c o m p a c t i o n methods i n w h i c h t h e hammer d i a m e t e r r ema ined 
c o n s t a n t . 
A s p r e v i o u s l y a s s e r t e d , p i s t o n d i a m e t e r h a s two e f f e c t s on com­
p a c t i o n . F i r s t i t i n f l u e n c e s t h e i n t e n s i t y o f l o a d a s o i l c a n w i t h s t a n d 
w i t h o u t s h e a r i n g and d i s s i p a t i n g e n e r g y o f c o m p a c t i o n . S e c o n d , i t a f ­
f e c t s t h e i n t e n s i t y o f e f f e c t i v e c o m p a c t i v e s t r e s s w h i c h a c c o m p l i s h e s 
t h e work o f moving p a r t i c l e s . The d o u b l e e f f e c t o f d i a m e t e r s u g g e s t s t h e 
d i m e n s i o n l e s s r a t i o d . i n w h i c h d r e p r e s e n t s d i a m e t e r and Z t h e 
d e p t h o f a p o i n t i n t h e s o i l . I n t h i s r a t i o t h e f i r s t t e r m d e n o t e s t h e 
i n c r e a s e d b e a r i n g e f f e c t , t he s e c o n d t h e p r e s s u r e e f f e c t . S i n c e t h e 
o n l y f i x e d p o i n t d u r i n g c o m p a c t i o n i s t h e b o t t o m o f t h e s o i l l a y e r b e i n g 
c o m p a c t e d , 2 i n t h e a b o v e r a t i o i s r e p l a c e d b y t , t h e t h i c k n e s s o f t h e 
s o i l l a y e r . The r a t i o i s t h e e x p r e s s e d a s (^ )^« 
New r e l a t i o n s o f d e n s i t y and s t r e n g t h v e r s u s e n e r g y p e r b l o w a s 
m o d i f i e d b y t h e ( ^ ) 2 r a t i o w e r e now s o u g h t . I n o r d e r t o r e n d e r t h e r e ­
l a t i o n s a s n e a r l y d i m e n s i o n l e s s a s p o s s i b l e , e n e r g y p e r b l o w e x p r e s s e d 
i n f o o t pounds was d i v i d e d b y t h e c o n s t a n t t o t a l amount o f work i n 
f o o t p o u n d s . 
The new r e l a t i o n s showed o r d i n a t e s o f s t r e n g t h and d e n s i t y v e r s u s 
a b s c i s s a s o f e n e r g y p e r b l o w # (d)2 # ^ s t r e n g t h and d e n s i t y o r d i -
t o t a l e n e r g y "t 
n a t e s a t m o i s t u r e c o n t e n t s o f s i x t e e n , e i g h t e e n , and t w e n t y p e r c e n t 
showed a d e f i n i t e t r e n d o f i n c r e a s e w i t h i n c r e a s e o f t h e a b s c i s s a . ( S e e 
F i g u r e 6) F u r t h e r , s e v e r a l a r b i t r a r y p o i n t s o f known w a t e r c o n t e n t and 
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density were selected, and at these points densities and strengths produc­
ed by various means of compaction -were, plotted versus energy per blow # 
total energy 
(̂ )̂» Once again the ordinates of strength increased with energy per blow 
as modified by the (£)2 ratio. 
t 
The interpretation of these results leads to the following con­
clusion: For equal compactive effort, water content, layer thickness, 
and piston diameter, greater density and strength of a compacted soil is 
produced by greater amounts of compactive energy per application. Or, 
to restate the above, for equal compactive effort, water content, layer 
thickness, and piston diameter, greater efficiency of compaction is at­
tained with greater amounts of compactive energy per effort. This leads 
to the conclusion that one can do a better job of compaction with the 
same amount of work if he can apply It in large amounts instead of small 
ones. The good results which the Corps of Engineers has attained in 
compaction tests with few passes of heavy rollers seem to confirm this 
idea.(10) The limit of the beneficial effects of application of com­
pactive energy in large amounts would, of course, be reached when equip­
ment weight caused bearing failure of the soil to be compacted. The 
d/fc ratio seems to have an important effect on compaction, and results 
indicate that, all other things being constant, better compaction occurs 
with increasing values of this ratio. 
Jit water contents in excess of optimum, increase in amount of 
energy per blow has little effect on density and strength. On this 
branch of the moisture-dry density curve the theoretical ma-rimim is being 
approached, and increase in energy per effort can accomplish little ad­
ditional compaction. 
At the same time that the first energy per blow versus strength 
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and densi ty re la t ions were being invest igated, i t was noted that the value 
of energy expended by one blow expressed i n foot pounds per cubic foot 
reduced to a quant i ty with the dimensions of a pressure (pounds per square 
f o o t ) . This value was ca l led a "dynamic pressure 1 1 and a dimensionless 
ra t i o was set up between i t and stat ic pressure as expressed by hammer 
weight d iv ided by area. This re la t i on between work per blow and stat ic 
pressure would seem to account for both the amount of work per appl ica­
t ion and in tens i t y of the stress which produced the work. However, 
density and strength p lo t ted versus the ra t i o showed no def in i te trends 
even among dynamic compaction devices* Therefore this comparison was 
abandoned without any attempt to adjust i t by the (£,) 2 ra t i o * 
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CONCLUSIONS 
THE FOLLOWING CONCLUSIONS HAVE BEEN DRAWN FROM THIS RESEARCH: 
1« COMPACTION BY DIFFERENT METHODS AT LIKE AMOUNTS OF WORK AND EQUAL 
WATER CONTENT DOES NOT NECESSARILY PRODUCE EQUAL AMOUNTS OF COM­
PACTION AS EXPRESSED BY DRY DENSITY. 
2 , COMPACTION BY DIFFERENT METHODS AT LIKE AMOUNTS OF WORK AND EQUAL 
WATER CONTENT DOES NOT NECESSARILY PRODUCE EQUAL STRENGTH CHARAC­
TERISTICS IN THE COMPACTED SOIL. 
3 . WHERE TOTAL COMPACTIVE ENERGY, WATER CONTENT, LAYER THICKNESS, AND 
WIDTH OF LOADED AREA ARE HELD CONSTANT, THE DENSITY AND STRENGTH 
OF A COMPACTED SOIL ARE FUNCTIONS OF THE AMOUNT OF THE ENERGY AP­
PLIED PER EFFORT. STRENGTH AND DENSITY INCREASE WITH INCREASE IN 
ENERGY PER BLOW OR ENERGY PER EFFORT. 
U. METHODS WHICH APPLY A GREATER PORTION OF THE TOTAL COMPACTION 
ENERGY PER EFFORT ARE THE MOST EFFICIENT. COMPACTION WHICH AP­
PLIES THE TOTAL QUANTITY OF ENERGY IN ONE EFFORT WOULD BE THE 
MOST EFFICIENT COMPACTION METHOD FOR THE SOIL TESTED. 
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RECOMMENDATIONS 
C o m p a c t i o n , i n a d d i t i o n t o a f f e c t i n g s t r e n g t h and d e n s i t y c h a r a c ­
t e r i s t i c s o f a s o i l , i n f l u e n c e s t h e p e r m e a b i l i t y , s w e l l - s h r i n k , and c o n ­
s o l i d a t i o n p r o p e r t i e s . Time l i m i t a t i o n s p r e c l u d e d t h e p o s s i b i l i t y o f 
c o n d u c t i n g t h e s e o t h e r i n v e s t i g a t i o n s c o n c u r r e n t w i t h t h e p r e p a r a t i o n o f 
t h e s t u d i e s p r e s e n t e d i n t h i s t h e s i s . However , p o r t i o n s o f a l l s amples 
t e s t e d w e r e c a r e f u l l y p r e s e r v e d and l a b e l e d s o t h a t f u r t h e r s t u d i e s may 
be made c o n c e r n i n g t h e e f f e c t o f i n c r e a s i n g e n e r g y p e r e f f o r t on t h e 
c o n s o l i d a t i o n , s w e l l - s h r i n k , and p e r m e a b i l i t y p r o p e r t i e s o f a c l a y s o i l . 
Such s t u d i e s a r e recommended t o round o u t t h e p rogram of i n v e s t i g a t i o n 
a l r e a d y u n d e r t a k e n . 
I n d i c a t i o n s a r e t h a t t h e b e n e f i c i a l e f f e c t s o f i n c r e a s i n g e n e r g y 
p e r e f f o r t may i n c r e a s e a t a d e c r e a s i n g r a t e a s h i g h e r and h i g h e r p o r ­
t i o n s o f t h e t o t a l w o r k a r e a p p l i e d a t one t i m e . T h i s t r e n d s h o u l d 
c e r t a i n l y b e i n v e s t i g a t e d t o d i s c o v e r , i f p o s s i b l e , w h e t h e r some p o i n t 
i s r e a c h e d p a s t w h i c h l i t t l e b e t t e r r e s u l t s e x p r e s s e d i n d e n s i t y and 
s t r e n g t h c a n b e o b t a i n e d * 
The r a t i o o f t h e d i a m e t e r o f t h e c o m p a c t i n g f o o t o r hammer t o 
t h e t h i c k n e s s o f t h e s o i l l a y e r i s a f a c t o r i n s o i l c o m p a c t i o n w e l l 
w o r t h i n v e s t i g a t i n g . D e f i n i t e f i n d i n g s c o n c e r n i n g t h i s r a t i o c o u l d r a d i ­
c a l l y a f f e c t t h e d e s i g n o f c o m p a c t i o n e q u i p m e n t . 
The p u n c h i n g - s t a t i c c o m p a c t i o n d e v i c e , e s p e c i a l l y d e s i g n e d f o r 
t h e s e t e s t s , shows p r o m i s e o f c l o s e l y a p p r o x i m a t i n g f i e l d c o m p a c t i o n b y 
tamping r o l l e r s . T h i s d e v i c e s h o u l d b e employed u s i n g l a r g e r p i s t o n 
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a rea and higher load ings to check i t s s u i t a b i l i t y i n s imulat ing f i e l d 
c o n d i t i o n s . I f p o s s i b l e i t s r e s u l t s should be compared with those p r o ­
duced by cons t ruc t ion machinery. 
The i n t e n s i t i e s o f dynamic p ressures ( s t r e s s e s ) c r ea t ed i n s o i l by 
compaction methods seem t o have d e f i n i t e e f f e c t s on the compaction 
p r o c e s s . The de r iva t i on o f an energy p e r blow-dynamic pressure r e l a t i o n ­
ship may be found i n the Appendix. The v a l i d i t y o f t h i s r e l a t i o n s h i p 
and the dynamic pressure e f f e c t on compaction a r e worthy o f fu r ther e x ­
per imental s tudy. 
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WATER CONTENT IN PER CENT 
CONTOURS OF UNCONFINED COMPRESSIVE STRENGTH IN POUNDS PER SQUARE FOOT 
COMPACTION (P ^ PI) 
WORK 33750 FT-LB PER FT 
55" HAMMER J 12" STROKE 
68.2 BLOWS PER LATER; 
Fig. 10 5 LATJRS 
CONTOURS OF APPARENT COHESION AND UNCONFINED COMPRESSIVE STRENGTH 
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WATER CONTENT IN PER CENT 
CONTOURS OF UNCONFINED COMPRESSIVE STRENGTH IN POUNDS PER SQUARE FOOT 
COMPACTION (Y) 
WORK 33750 FT-LB PER FT 3 
10 LB HAMMER; 12" STROKE 
37.5 BLOWS PER LAYER; 
Fig;. 11 3 LAYERS 
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WATER CONTENT IN PER CENT 
CONTOURS OF UNC0NFINED COMPRESSIVE STRENGTH IN POUNDS PER SQUARE FOOT 
COMPACTION ( M ) 
WORK 33750 FT-LB PER FT 3 
10 LB HAMMER j 18" STROKE 
25 BLOWS PER LAYER; 
Fig. 12 3 LAYERS 
CONTOURS OF APPARENT COHESION AMD IT)CONFINED COMPRESSIVE STRENGTH 
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WATER CONTENT IN PER CENT 
CONTOURS OF UNCONFINED COMPRESSIVE STRENGTH IN POUNDS PER SQUARE FOOT 
COMPACTION (H) 
WORK 33750 FT-LB PER FT 
25 LB HAMMER; 3" STROKE 
60 BLOWS PER LAYER; 
Fig. 13 3 LAYERS 
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WATER CONTENT IN PER CENT 
CONTOURS OF UN CONFINED COMPRESSIVE STRENGTH IN POUNDS PER SQUARE FOOT 
COMPACTION 
WORK 33750 FT-LB PER FT 3 
STATIC PUNCHING 
f i g . 10 3 LAYERS 
CONTOURS OF APPARWT COHESION AND UN CONFINED COi'PRESSIVE STRENGTH 
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Y/ATER CONTENT IN PER CENT 
CONTOURS OF APPARENT COHESION IN POUNDS PER SQUARE FOOT 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
WATER CONTENT IN PER CENT 
CONTOURS OF UNCONFINED COMPRESSIVE STRENGTH IN POUNDS PER SQUARE FOOT 
Fig. 15 
COMPACTION (S) 
WORK 33750 FT-LB PER FT 3 
STATIC COMPACTION 
3 LAYERS 
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CONTOURS O F ANGLE O F INTERNAL FRICTION FOR COMPACT-ONS 
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WATER CONTENT IN PER CENT 
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Fig. 17 
CONTOURS 0? ANGLE OF INTER! AL KRICTICN FOR COMPACTIONS M AND Y 
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WATER CONTENT IN PER CENT 
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Fig. 18 
CONTOURS OF ANGLE OF INTERNAL FRICTION 
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IMPACT VELOCITY IN FEET PER SECOND 
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I .VP ACT VELOCITY IN FEET PEP SECOND 
Fig. 19 
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MOMENTUM IN SECOND-PO !NDS 
Fig, 20 
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ENERGY PER BLOW IN FOOT-POINDS PEP -CU3IC FOOT 
STATIC PRESSURE OF PISTON IN POUNDS PER SQUARE FOOT 
2.0 
2 .4 ,6 .8 1.0 1.2 1.4 1.6 1.8 
ENERGY PER BLOW IN FOOT-POINDS PER CuBIC F̂ 'OT 
STATIC PRESSURE OF PISTON IN POUNDS PER SQUARE FOOT 
Fig. 21 
DYNAMIC-STATIC PRESSURE RELATIONSHIPS 
AT VARIOUS WATER CONTENTS 
2,0 
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F i g . 22 
ENERGY PER BLOV RELATIONSHIPS AT VARIOUS WATER 
CONTENTS 
54 
ENERGY Pi P. BLO: 
T O T A L rRGY <f>2 10' 
NOT F: d = DIAMETiR OF PISTON OR • AJ&tfER 
t = T- ICKNVSS 0'" LAYER CO'.TW?-
4 4 4 
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Fig. 24 
MODIFIED EiERGY PER BLO>, RELATIONSHIPS AT 
SEVERAL ARBITRARY POINTS 
56 
AN ENERGY PER BLOW - DYNAMIC PRESSURE RELATIONSHIP 
COMPACTION IS BEING PERFORMED 
BY THE WEIGHT W. ASSUMING 
THAT THE TOTAL WORK PRODUCED BY 
THE FALLING WEIGHT ¥ IS TRANS­
FERRED INTO STRAIN ENERGY, ONE 
FINDS THAT 










FALLING WEIGHT IN 
POUNDS 
EQUIVALENT STATIC 
LOAD IN POUNDS 
DEFORMATION IN INCHES 
AREA OF FACE OF 
WEIGHT STRIKING THE 
SOIL 
MODULUS OF ELASTICITY 
OF THE SOIL 
THICKNESS OF LAYER 
BEING COMPACTED 
E - P_T OR P - EAE 
AE T " 
THEREFORE W(N+E) = EAE # E EAE2 
T ? 2t 
E - EAE2 - N 
LET E_ = STATIC ELONGATION PRODUCED BY W S 
THEREFORE E - g*E2* - H m « 2 - H 
2tEAeo 2e. 
FOR A FALLING WEIGHT H = 
57 
Therefore, substituting ̂  for h in the above and solving the quad-
ratic for e, one obtains 
A 2esg+/l*es2g2 - iiesv2 g 
V » ~s 
g 
2 
If h^> es, then eg ̂ e s v and eg can be neglected, 
g 
Let S = stress in the soil 
S - Ee = E / ©j-V2 
" r -f-
or S2 = E 2 • e-v2 
t2 g 
but e « Wt 
Therefore S = ^/(^(ffv2) 
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